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AN ANALYTIOAL INVESTIGATION OF THERMAL~ELECTRIC
NEANS OF PREVENTIKG IOE FORMATIONS
OF A PROPELLER BLADE

By Richgara Scherrer
SUMMARY

Thermal-electric means of preventing ice formations on
a propeller blade have been investigated and a theoretical
basis for the continued development of thermal-electric
blade shoesg is provlided.

A method i1s presented that can be appllied to the design
of thermal-electric blade shoes for any propeller or rotor,
and an optimum heat distribution is determined for a propel-
lor blado,

INTRODUCTION

The design and development of sultable thermal ice-
prevention equipment for alreraft propellers have been under-
takon as a part of a general research program concerning lce-
preventlon equipment for alreraft,

The National Research Council of Canada has conducted
fllght tests, under natural icing conditions, of propellers
equipped with electrically heated blade shoes (reference 1).
These results formed the basis of the preliminary blade-shoe
deslgns uged during flight tests conducted by the NACA in
the vicinity of Minneapolls, Minn,, during the winter of 1943~
43 (reference 2), The blade shoes tested by the National
Research Oouncil of Canada and the NACA consisted of a layer
of neoprene serving as thermal and eleoctric insulator bondod
to the propeller blade with an outer layer of electrically
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conductive neoprene bonded to the'ineulating layer. (See
fig. 1.) The power was supplied to these blade shoes through
radlal wires between the neoprene layers at the rear edges
of- the shoe. J¥light teste wlith eleoctrically heated propeller-
blade shoes reported in references 1 and 2 have established
the practicabllity of protecting propeller blades from ice
formations by thermal-electric means. The data of references
1l and 2 indicate that the power required for ice prevention
may be excesslve for certaln applications, although suffi-
clent power for some degree of ice removal may be provided
readily. The analysis reported herein provides a rational
basls for establishing thermal-electric propeller-blade-shoo
designs.

SBYMBOLS

The following symbols have been used in this analysias:
A aspoct ratlo
B numnber of propeller blades
D propeller dliameter, feet
J work equlvalent, 778 foot-pounde per Btu

Hug ©boundary-layer Nusselt number based on the laminar
boundary-layer thickness, hé/k

P normal pressure coefficlent on alrfoll sectlon

Py normal pressure coefficlent due to the additlonal 11ft
dlstribution

Py normal pressure coafficlent due to the baslc 1ift
distribution

r reference proflle pressurse coefficient

P
Q heat quantity, Btu per hour or watts
R propeller radiua,.feet

R

Reynolds number based on blade chord, Vpe/v
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S
cta

G;b

Pa

—

Reynolds number based on leading-edge dlameter, Vnd/u
rate-of-icing ratio ¢
;rea. ;quare feet (unlees otherwise noted)
temperature, degrees Fahrenheilt

temperature rise due to aerodynamlic heating, degrees
Fahrenhelt

veloelty Just outside of the boundary layer, feet per
second

maxlmum local veloclty, feet per second
local veloelty due to ailrfoll shape, feet per second
forward veloclty of propeller, feet per second

resultant velocity of the blade section, feet per second

local velocity on the reference proflle, feet per second

local veloclty at the laminar separation point, feet
per second

water content of the air stream, pounds of water per
cuble foot of alr

slope of £he 11ft curve for any blade section

slope of the 1lift curve at infinite amspect ratio
chordwlse dlstance through which heat 1s conducted, feet
blade chord, feet

propeller-blade section 11ft coefficlent

addltional eection 1ift coefflclent
baslc section 1lift coefficient

speclfic heat of air, Btu per pound, degrees Fahrenheit




NACA ACR No. 4H31 4

specific heat of water, Btu per pound, degrees Fahrenhelt

leading~edge diameter, feot

acceleration due to gravity, 32.2 feet per second per
second

heat-transfer coefficlient, Btu per hour, square foot,
degrees Fahrenhelt

thermal conductivity, Btu per hour, square foot, degrees
Fahrenhelt per foot

distance from the edge of an ice layer, feet
dlstance normal to blade-shoe surface, feet
propeller speed, revolutions per second

absolute value of the ratio of the slopes of a double-
roof velocity profile

heat per unlt area, Btu per hour, square foot or watts
per square inch (as noted)

bPlade statlon radiug. feot

chordwise digtance along the airfoll surface from the
stagnation point, feet

thickness, feet
dlstance along the airfoll ochord line, feet
helix angle, degrees

helix angle at 0.76R at (V. /aD) degrees

mex*
angular veloclty of the blade, radlans per second
angle of attack, degrees

angle of gero 1i1ft, degrees

blade angle measured from the plane of rotatlon, degrees




NACA ACR No. 4H31

8 laminar boundary-layer thickness from the surface to
the polnt at which V = 0,707 Vp, feet
8p- - heat~transfer characteristic length for a turbulent
boundary layer

4 turbulent boundary-layer parameter

e blade angle at any radius, degrees

6y blade angle at 0.76R at (V,/nD)pyx, degrees
7 kinematic viscosilty, square feet per second
' ice~thickness parameter

Subsecripts

I l1nsulation

L lower surface of the blade

U upper surface of the blade

b blade

h blade root

i lce

8 laminar-~-separation point

t blade tip

u leading edge of the blade shoe

v rear edge of the blade-shoe conducting layer
w tralling edge of the bdlade

as blade surface aft of the blade shoe

be blade shoe

ol conducting layer )
~cs8 blade-element radial cross section
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stag stagnation-pressure region

o _agb;gnt alr
1 a point on the blade or shoe surface
a a point in the blade shoe

0.75 r/R = 0.76
+ posltive values of 1

- negative values of 1
METHOD

An optimum design of a propeller~blade shoe should pro-
vide equal protection to all points on the bladé-shoe surface
at the design conditione and have the minimum permissibdle
total power input. The method of analysise presented hereln-
after 1s general in scope and can readily be applied in the
deslgn of an optimum blade-shoe arrangement for any propeller
or rotor blade.

In this analysls the blade shoe 18 considered to extend
radially from the propeller-blade root, station (r/R)y, to

the onropoller-blade tip, station (r/R)y, and chordwise from
the blade leading edge, station (s/e),, to station (s/c),

on both the upper and lower surfaces of the forward portion
of the blede. (See fig. 1.) Heat 1g consldercd to be ap-
plied to this portion of the bPlade whille the after portion,
sxtending from station (s/o)v to the propeller tralling edge,

station (s/c)y, 18 nelther heated nor covered. The blade

shoe 18 considered to be comprised of an inner layer, adjacent
to the propeller-blade surface, cf an insulating rubberlike
material of thicknees ty3 overlald with an electrically con-

ductive layer of similar material of thickness t,3. The
use of an additiornal thin layer of insulating materlial over
the conducting layer to increase the resistance to abrasion

will not be consldered in the analysls; however, the effect
of such a layer can be determined readily.

Ice protection may be accomplished by two different
processes: (1) 1ce can be prevented from forming, and (2)
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ice can be removed periodically in thin layers. To provide
for lce prevention on propeller blades, 1t is necessary to
supply suffioclent heat to maintaln the temperature of the

. -blade~shoe- surface above 32° F in any atmospheric condition,
Protection by ice removal can be effected by providing suffil-
clent heat to ralse the dlade~shoe surface temperature above
32° ¥ only after 1ce has formed, It can be seen that the
removal process involves thermal economlies by utiliszing the
insulating properties of 1ce t0 reduce the convection losses
and to obviate the need of supplying the heat of fusion and
the heat of evaporation,

The total power requlired for either ice prevention or .
ice removal is dependent upon the atmospherioc conditions, the
propeller~operating conditions, and the propeller design, and
may be expressed as the summation of the heat required to
prevent or remove ice formations on the propeller-blade-shoe
surface and the heat lost through the after or uncovered por=-
tlion of the propeller blade. The heat required to preveant or
remove lce on the blade~shoe surface Qp, 1s the summation,

over the radlal and chordwise extent of the blade-shoe sur-
face, of the values of unlt heat (heat per unit area) re-
gquired for the preventlon or removal of ice at each polnt on
the blade~shoe surface Qpgs Likewise the heat lost through

the after surface of the propeller blade Qz5 1is the summa-

tion, over the radial and chordwise extent of the uncovered
portion of the propeller blade, of the values of unit heat
lost at each point on the after portion of the blade qgyge

The unit heat regquired to prevent or remove ice at each
roint on the blade-shoe surface qpg 1s dependent upon (1)

the surface neat-transfer coefficient, (2) the water content
of the air stream, (3) the ambient-alr temperature, and (4)
the resultant velocity and effective angle of attack of the

propeller-blade section, The unit heat loss % at each

point on the after surface of the propeller blade is a func-
tion of (1) the surface heat-transfor soofficlent, (2) the
amblent-alr temperature, (3) the thermal conductivities of
the propeller~blade and blade-shoe materials, and (4) the re-
sultant veloclty and effectlive angle of attack of the
propeller-blade section,

The method 0f analysis which follows is therefore con-
cerned with the determination of these various factors which
are necessary to evaluate Qpg and g , and thereby effect
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a solution for the total power required and for the optimum
heat distributlion for the specific application,

Determination of the Surface Heat~Transfer Coefflclents

The subject of heat transfer from airfoils has been
widely investigated and several approaches to the subJject
have been developed. Since each seotion of a propeller blade
i1s essentially an airfoll section, the method of determining
the surface heat-transfer coefficients of an airfoll section
has been utilized in the solution of the surface heat-trans-
fer coefflcloents of a propeller blade,

The surface heat~transfer coefficlents of an alrfoll
section are dependent upon the physlical characteristlcs of
the alrfoll boundary layer, and therefore its determination
requires a knowledge of the location along the airfoll sur-
face of the point of transition of the boundary layer from
laninar to turbulent flow as well as of the boundary-layer
thickness along the airfoll surface.

Propeller~blade section velocity digtribution.~ Since
the extent of the laminar boundary layer for a specific air-
foll section - or, as 1n this analysis, a specific propeller-
blade section = 1s dependent upon section velocity distridbu-
tion, one of the first steps in the determination of the
propeller~blade surface heat-transfor coofficlents 1ls the
determination of the wveloclty distribution for the propeller-
blade sections under consideration, The velocity distribu-
tion for any propeller-blade-sectlion 1s determined by the
11ft coefficlent and angle of attack at which that blade
section 1is operating. The angle of attack of each propeller-
blade sectlon can be written as the difference between the
blade angle and the helix angle at the blade station consid-
ered,

a =B =20 (1)

and the 1ift coefficlients for each propeller-blade sectlon
can be determlned by correcting the section lift~coefflclent
curves for the effect of finite aspect ratio. The effective
aspect ratlio for each blade sectlon can be obtalned from the
following equatlon:

v
9 2 (2)

T
o, R ﬁa B3
o R+rﬂ

A =
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vhich 1s developed in reference 3, and in wvhich

" Bo
Cp = e
° nR

From the effective aspeot ratio, the correct lift-curve
slopes can be computed by the qquation

a = 29 (3)
a, X 567.3

+
1 wA

and the correct 11ft coefficlents obtalned dPy the relation

¢y = ala - ay,) (4)

If the 11ft coeffliclent and angle of attack are known, the
veloclty distribution over each propeller-blade sectlon can
be determined by the method of either reference 4 or 5.

Laminar boundary layer.- The extent of the laminar
boundary layoer is a function of the blade-sectlion velocity
distridbution and the dboundary-layer Reynolds number. For
the purrose of thls report, the boundary layer will be con-
gsldered laminar from etagnation to the laminar-separation
point and then turbulent to the tralling edge. The method
of locating the 1am1nar-aeparation point 1e developed from
the theory by Von EKarman and Millikan (reference Gg
expressing the relation of reference 6 in the nomenclature
of this report, the following equation 1s obtalned:

%.[1_1,(1_1)]* | (5)

in which X 18 equal to 68y of reference 6 and 1s explic-
itly deflned thereln. The absolute walue of the ratio of
the slopes of the double~roof veloclity profiles, which are
drawn to approximate the actual velocity profiles, is D

and the curve for Vg /Vy as a function of p is plotted in
figure 2.
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The heat transfer in a laminar boundary layer is shown
in reference 7 as belng dependent on the boundary-layer
Nuseelt number and is a function of the boundary-layer thick-
-.negs &8 and the thermal conductivity of air k. In the re-
lation

k8 '

Hug 1e a function of the shape of the boundary-layer

velocity profile and Prandtl number and has a value of 0.7656
for the Blaslus-type boundary-layer veloclty proflle for alr.
Dxperiment has shown that, over the forward portion of an
airfoll where a favorable pressure gradient exiets, the
Blasius-type boundary-layer veloclty profile 1ie closely ap-
proximated. At points on the surface of a body downstreanm
of the minimum-pressurse point, a laminar boundary layer ex-
hibits a tendency to separate. Since the veloclty gradlent
at the surface decreases as separatlon develops, the value

of KNug must diminish until at the separation polnt 1ts

value 18 gero. It i1s considered that reducing Nug linearly

from the minimum-pressure polint to the separation point will
satisfactorily approximate the actual case. Accordingly, 1in
the analysls of this report HNug has been consldered to have

a constant value of 0.765 from the stagnation-~-pressure reglon
to the minimum-pressure point (maximum velocity) and then to
vary llinearly %o gzero at the laminar separation polnt.

The laminar boundary-layer thilckness at any polnt 8,5,
as used 1n reference 7, 1s given by the equation

_ . /o v a.a-rd %
7 - <51/c) of (VR) () 7

which can be changed to the form
8,/c

@ [ @]
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to simplify the computatione, ZEquation (8) is theoretically

applicable only to Blasius-type boundary-layer profiles .
(stagnation to minimum-pressure point), dut, as noted in ref-
erence 7, experiment bhas shown that little error 1is caused

by 1ts use to the laminar-separation polnt.

With the above method the solution for the boundary-
layer thickness at the stagnation region becomes indetermi-
nate; therefore, another method muet be used to determine
the heat-transfer coefficlent in this region. The expression

8gtag = © 5_;:(\'9 (9)

also from reference 7, glves a satlefactory value for the
boundary-layer thickness in this region based on the local
radius of curvaturo 7T, which is not necessarily the lead-
ing-edge radius.

Turbulen} boundary layer.- Tha values of the heat-
transfer coefficlents for the turbulent boundary layer may
be obtalned by the method of reference 8. The surface heat-
transfer coefflclent h 41s defined in reference 8 by the
equatlon

h = 0.76 X (10)
8

and the value of &8p, the functlion of the turbulemt boundary-
layer thickness, 18 given by the equatlon
-]

8p = —ch—\ (11)
Re(i;/

in which ! 1g a turbulent boundary-layer parameter. The
value of { at any point on the airfoil surface downstream
from the laminar-sepatation point 1s obtalned by a step~dby-
step solution of the equation

& , 82847 T o1 (13)
dx ¥ dx v
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from the point of laminar separation. The value of ! at
laninar gseparation 1s obtained from

0.289 a]
v

{ = 3.567 loge [4.057 Ve (13)

Equation (12) has been rewritten in the form

at =2 G) [' (:}vlr:) T(vx//?)) *If;ﬁ(%) fm] (14)

for ease of computation. The values of f£(!{) as related to
t{ are plotted in figure 3. A eimplified method of applying
the turbulent boundary-layer equations to obtaln the value
of 8p at any point directly 1s presented in reference 9.

Heat Requlred for Ice Prevention

¥hen the surface of a blade shose covering the leading-
edge portion of a propeller blade 1s heated to 32° F by
applying power to the electric conducting layer, there will
be some heat loss through the ingulating layer and dblade
materlial to the alr stream over the uncovered aft portlon of
the blade. The total power required to protect the propeller
blade will then bo that required to maintain a 32° F Ddlade-
shoe surface temperature plus the heat lost through the aft
portion of the blade surface.

Heat reguired to mailntaln the blade-shoe surface gt
32° ¥.- The heat neceseary to maintain the blade surface at

320 F 4in 1cing conditions 1e a function of the surface heat-
transfer coefficient h, amblent-air temperature T,, tem-

perature rlse due to aerodynamic heating T, welght of

water 1in each unit volume of air W, and the resultant veloc-
ity of each element of the propeller blade Vjy.

The unit heat required 1s given by the relation
= h(32-T,-Ty) ) ) - X Y82 (3600) (15)

in which the firast term 1e the heat transferred to the alr
flowing over the blade, 1f the blade 1s malntalined at 32° r,
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and the values of h are those that were determined 1n the
previous sectlion. The temperature difference between the
blade surface and the ambient-alr etream wlll be decreased
by the amount of the temperature rise Ta caused by air

flowing over the blade or belng stopped iIn the stagnation
reglion. The second term of equation (15) 1s the heat re-
qulred to raiseothe temperature of all the water that strikes
the blade to 32 ° P. The third term 1s the heat equivalent of
the kinetic energy of the water strliking the blade. The value
of 3600, by which the socond and third factors in equatlon
(16) are multiplied, is to obtain dimensional conelstoncy so
that tho unite of qy, are Btu per hour, square foot.

Studles have been made to flnd the relation between the
path and slge of water drops as they approach and contact an
objJect 1n an alr stream, and it has been found that as the
alr-gtream veloclty and water-drop elze incrcecase, the path
defloctlon decreagos. Since the rosultant velocitlies of the
propeller-blade sections are relatively high and seince large
water-drop slzes are assoclated with severe 1cing conditions,
this analysis assumes the deflection of the water drops to
be negligible. The welght rate of water strlking the blade
at any point, or the iclng rate, thereforo, 1is a functlon of
the slope of the surfacs relative to the water-drop path at
that point. Tho rate of icing at any point on the blade can
be expressed as a fuanctlon of the 1cing rate at the stagna-
tion region. This function 1s proportional to the slope of
the blade-scctlon surface ond is termed "R4 " Tho values of

Ry &are measured from the sectlor layouts as shown in figure
1, For sections with flat lower surfaces, Ry for polnts

on the lower surface is taken to be the sine of the anglse of
attack measured from the angle of gzerc 1lift. For the upper
surface, the error due to measuring the slopes from the chord
line rather than the relative wind 1e small and conservative
and tends to allow for small changes in a«. Xach term 1in
oquation (15) that expresses tho effect of water content must
therefore contaln the factor Ry to correct for the slope of

the blade-sectlion surface.

The temperature rise at the stagnation polnt on a
propeller-blade section 1s due to the pressure rise at that
point and is

Vg2

—_— (16)
2chPa .

TABtag =
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as noted in reference 10. TFor any point other than the stag-
nation point, the temperature rise will be taken to be 0.8
of that at stagnation prossure, or

Tyom 0.8 Ty .o (17)

The 0.8 factor includes the effects of the laminar and tur-
bulent boundary layers and compressibility, as defined in
reference 8, and was approximated from the data of reference
11,

Bquation (15), with the effects of merodynamic heating
and blade-surface glope 1ncluded, becomes at the stagnatlon-
presgure reglon

vp®
(ay,,) =h [32 - T - ———]
be stag stag (o] BJscpa
v 3
+ W [cp V(32 = T,) - _R_] (3600) (18)
2Jg

and at any other polnt on the bdlade shoo

0.8 Tp2 |
= h [32 -7 - ___.B_] +R, W [cp Vp(32 - 7)) - —L](ssoo)

q
bs 2J5°Pa 1 2Jg

(19)

The total heat required at the blade-shoe surface to

prevent 1ce 1s obtalned by the following integration which
can best be performed graphically,

(r/R), B, B,
Qyg = BR ./P y/p (qu)U ds +-U/1 (qbs)L de d(%)(zo)
(r/R)y  |ey 8y

wvhere (r/R)n, (r/R)y, ey, and sy are the conducting-layer
limits of the radial and chordwlise extent of the blade shoe.

Heat logs.- In order to provide sufficient heat to maln-
taln the blede-shoe surface at the denign temperature, an ex-
cess of heat must be supplied to the blade shoe. This excess
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of heat represents the heat lost to the atmosphere through
the thermal elrcult comprised of the blade-shoe 1nsulating
layer, the blade material, and the Hade-section boundary
layer. At any point on the after surface of the propeller
blade, the heat loss per unit area gq,, will be a function

of the over-all thermal conductivity of the heat~loss clrocult
(k/t), the temperature at the point of maximum thermal poten-
tial T3, the ambient-alr temperature T,, and the tempera-

ture rise due to aerodynamic heating T,, and may be ex-
preesed as

- -% (T, =T, - Ty) (21)

The location of the point of maximum thermal potential
in the conducting layer of the blade shoe and the temperature
at that point Tz will be determined by the relative magni-

tude of the heat transmitted to the blade-~shoo surface and
the heat lost to the blade. Since T; 1is the maximum tem-

perature which existe 1in the blade-shoe conducting layer, a
decreasing temperature gradlient will occur between the loca-
tion of thls polnt of maximum temperature T3; and the sur-

face of the insulating layer. The distance through which
thie decreasing temperature gradlent exists in tho conduct-
ing layer can be consldered as an increase in the thicknoss
of the insulating layer. This effective increase in the
insulating-~-layer thickness will be termed Aty and 18 illus-

trated in flgure 1. By assuming the temperature gradients
from the polint of maximum thermal potential to the blade-shoe
surface and to the surface of the insulating layer to de-
creass linearly with distance, the value of AtI can ba

expressed as
Q
M:=ta;( =% ) (23)

Qaa + Qbs

The value of T3 can then be determined with sufficient
accuracy by the equation

- \ toy )
T, 33+(q"/"<_kc1—-- _ (23)

N\
where (qbs av l1s the average value of the unit heat re-
quired at the blade-shoe surface at the particular blade
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station as determined from the surface heating requirements.

) The over-all thermal condnctivity of the heat-lossa
cireuit . (k/t) can now be defined as a function of its com-
ponent thermal resistances, the insulating-layer reslstance
(t1 + At1)/ky, the blade-material resistance b/ky (where
b 4ie the chordwise distance through the blade material

which the heat 1s considered to travel), and the boundary-
layer resistance 1/h, or

t; + Aty b 1
E. f-[ I L — —] (24)
t . X, b

The determination of the thermal loss through a blade
element of unit width (fig. 1(a)) can be simplified by assunm-
ing certaln conservative changes in the heat-loes circult.
The blade-shoe area and the area of the after surface of the
blade will he considered to be twice thelr projected areas
or Spg and 84, respectively, while 5y 18 the proJjected
blade area. The blade~slement radial cross-section area Sgg
18 the area of the blade materisl at any polnt sy through

which the heat loss 1s considered to be conducted and 1s aleso
shown in figure 1(a). 7Tor the purpose of the calculations,
the value of scs can be used more easlly by assuming the

blade-elemont material to be a wedgé vith the base hoelght
oqual to the maximum blade sectlon thickness tpgxy at the

blade statlon, the base width equal to unity, and the length
equal to the chordwise distance from the tralling edge of
the conducting layer to the blade tralling edge, as 1lllus-
trated in figure 1(b). The blade material under the blade
shoe i8 neglected in thie heat-loss approximation. The re-
ault of these assumptions 1s an equivalent thermal-loss
clrecuit for each polnt 8; on the after surface. As shown
in figure 1l(c), the heat loss travels from.the point of
maximum temperature Tz through the effective 1increase in

the insulating-layer thickness Aty and then through the

Insulating-layer thickness t;y to the blade material. Since
the material beneath the blade shoe has been neglected, the
circult ls represented by considering the blade-shoe layers
to be applied to the forward face of thé block of blade ma-
terial of length b, unit width, and thickness t,; as

glven by the wedge approximation for any point e,. After
the heat has been conducted through the block of blade
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material, 1t 1e lost to the amblent-alr stream dy forced
convection through the boundary layer. The assumed equiva-
lent heat-loss circuit is complete if the alr stream is con-
sldersed .to flow over -the opposite end of,the dlock from that
which 1s considered covered by the blade-~shoe layers. The
complete eguivalent heat-loss oircuit as described is shown
in figure 1(e).

If the unit heat distribution was constant over the

blade-~shoe surface, the total heat would be given by the
equation

Qs "% Sag (Tg - o = Ty) (25)

't/k;k=(ﬂzbt1 ) ( so) ( Ba-

wvhere the units of the terms are the reciprocal of Btu per
hour, degrees Fahrenheit. The purpose of this step is to
expreas the three factore of the thermal reslistance 1n theilr
proper relation as determined by the different heat-transfer
areas for each term. In order that the thermal coanductivity
k/t can be used for the case of nonuniform heat distridu-
tion, or in the expression for dag (equation (21)), the

foregolng equatlon 1s rearranged as follows:

But

[ s,,) (5 2+

therefore, for any point on the blade after surface the unilt
heat loss can be determlined by the eguation

Ty - T, - T ‘
Upg = 2 A (27)

[ 36 )]

The total heat loss Qgg 18 obtalned by integrating
the values of gq,, over the upper and lower surface of the
propeller blade as follows:
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(r/R)t X, Xy -
u/ﬂ (gaq)y ox +h/ﬁ (aa¢), ax| a(x/R) (38)

Qa' = :BRf

“(r/R)y (X Xy

It has been shown that the evaluation of equation (237)
depends on two unknowns Aty and T, which are related.

Since Aty depends on the relative magnitudes of the heat
loss Qag &and the heat supplied to the blade shoe Qpg, an
initial mssumption of Aty must be made and cheoked by solv-
ing for Qgg &and the resulting value of Aty used in a
second solution for Q,g until the values of Aty, Qz4, and
Qbs are in reasonable agreement.

Heat Required for Ice Removal

¥hen the quantity of heat supplied to a propeller dlade
18 reduced bolow the quantity necessary for lce prevention
and ice is allowed to form on the propeller blades, the 1ice
will be thrown off after reaching a certain thickness, which
is a function of the power input and power distridution.
The insulating quality of the ice allowse the blade-shoe sur-
face temperature to rise above 32° P and a water interface
to form between the ice and the shoe. The reductlion of the
adhesion combined with the centrifugal force on the ice due
to 1ts nass will result in ice removal.

The process of 1ce removal can be made to occur at dif-
ferent polnts and at different intervals, depending on the
heat distribution and the local rates of icing and heat

transfer, The i1ce thickness at a point on a blade station

can be expressed as a function of the maximum ice thickness,

which ococure 1in the stagnation region, and the rate-of-icing
ratlo Ry

by = t4,400, (R1) (29)

If 1ce 18 assumod to accumulatoe on fhe blade shoe 1in a
smooth contlinuous layer with no freo edges and with the
thickness dlstribution as given by equation (29), the unit

.heat required for ice removal -will be -given by the-.equation



Ls

NACA ACR No, 4H31 .19

3
T,-T,-Ty WV Ry

q [-- ] =
ve [‘_1 . .1_]_ 2Jg
e E

(3600) (30)

The foregoing equation fw analogous to equation (16) except
that the effeot of the %ge layer has been included in the
N .

1
thermal resilstance [;i.* E] gnd that the second term of
. 3

equation (15), the heat régquired to increase the temperature
of the air-stream water sontent to above 32° F, has been
omitted., In equation (50) T, wlll have a value of 32° 7
only for the condition in which a continuous ice layer exists.
The second term of equation (30) 1s the kinetic heating due
to the water drops striking the bPlade and it can be neglected
because 1ts omission introduces a small end conservative er-

ror. If the ‘term is neglected, - the heat required as indi-
cated by

_ 'I‘1 -7 - TA

t
ky h

wiIi not be a functlon of the water content of the air etrean,

Uy (31)

In natural icing conditlone 1ce does not form in contin-
uous layers but rather in patches, ridges, or particles. At
the edge of a discontinuous 1ce layer, there will be a heat
lces from the iced to tho uniced portion of the hlade shoe
with a temporature gradiont along the shoe surface normal to
the edge of the ice. (See fig. 4,) If a semi-infinite 1ce
layer i1s asgumed to extend from a polnt on the blade~shoe
surface at which the surface temperature 1is Tlo, the sur-

face temperature T; at any point beneath the ice layer at
a dlstance 1 from the location of T,, as a function of

the surface temperature at 1| equals infinity T ls
h
8 -\T ) Vi
T (1 +7,/T 1 -V ) (kcz tc;>
LF I ofTp)(2 - ¥ ) |1, | e
T 1+ ¥ :
where
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, __k_i__]*

which 1s developed in the appendlx and 1lllustrated 1n figure
4, The 1lpe-~thlckness parameter 1V expresses the nondimen-
slonal relatlon between the ice thickness ¢4 and thermal

conductivity ky and the local heat-transfer coefficlent h.

If a cortaln slze ice particle 1s assumod to have a negligi-
bloe effect on the propeller poerformance, the value of VYV can
be determined at any point by using the ice thickness and
local value of h in equation (33), the value of the thermal
conductlvity of 1ce Lk being 2 constant. The unit heat re-
quired gqpg &at any polnt at which Y 18 known can be deter-

mined by the egquation
@y = (T, = T, - T,) by® (34)

. where T, 18, in this case only, the blade-shoe surface

temperature at the center of the smallest surface dimension
(218 of the ice particle whon tha edge 1s at 32° F, The

use of a unidimernslonal analysis for a two-dimonsional prob-
lem 1s not considered to involve an apprecladble error with

the sige ice vnarticles and values of h normally encountered.
The heat required at the blade-shoe surfacc 1s obtainod by
integrating the values of gqypg oObtained by equation (34) as

shown by equation (20), and the heat loss 1s determined in

the same manner as was developed in the lce-preventlion sec-
tlon of this report.

L study of equations (32) and (33) indicates that when
¥ =1 the lce-particle thicknees and surface-temperature
gradlent are both zero. This indicates that when a wator
drop strilkes the bPlade shoe, it 1s immedlately thrown off as
an ice flake., It 1s reasoned that there will be some mlni-
mum heat requirement for propeller ice removal which will
depend on the effect of an ice layer or ice particles on the
propeller efficlency and it is possible that the optimum

aerodynamlic and thermal blade-shoe design wlll be for the
condition of V¥ = 1.
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APPLICATION

It is apparent that in the application of the foregoing
method to a specific propeller blade-shoe design, the estima-
tion of the effective angle of attack and resultant veloclty
at each propeller-~blade element 1is subject to an error due
to body interference which will be reflected in the calecula~
tion of the heat~transfer coofficlents. In addition, 1t 1is
questionable whether 1t is judicious to design a propeller
blade shoe for a single propeller-operating condltlion which
fixes the blade angle and V/nD. With the foregolng in mind
1t 1o suggested that, in a specific design, the method pre-
sented herein be repeated over a sufficlent range of dlade
angles and values of V/nD +to insure evaluation of the max-
imum heat-dlstrlibution requirements. In thls manner a fan-
11y of chordwise heat-distribution curves for each propeller-
blade element 1s obtalned over a safe propeller-operating
range, from which famlly envelope curves can be drawn for

all elements to establish the required heat distridbutlion over
the entire blade shoe.

In order to 1llustrate the method developed in this re-
port, sample computations ars presented hereinafter on the
deslgn of a blade shoe for a Hamilton Standard propeller
blade No. 6477A-0. The computations presented are for one
propeller—operating condition only and no allowance has been
made for body interference. In an actual design, repetition
of the method over a selectod range of blade angles and val-~
ues of V/nD, as indicatod.in tho preceding discussion,
would be desirable. The Hamlilton Standard blade No. 6477A-0
has been selected for the following analysls since this blade
was used 1n the B-~1l7F airplane propellers which were equlpped
with blade shoes, tested, and reported by the NACA in refer-
ence 2. The following flight conditions, for long-range
crulsing, will be used in the analysils:

Ambilent-alr temperature, °F . . . ¢« ¢« ¢« « « o o o & o 0
Pressure altitude, ft . « . « « ¢« o« s « o +» « o« « « 10,000
Indlcated airspeed, mph . . « « ¢ o ¢« o o 2 a o 4 & 1556
Propeller speed, rpnm e e s 5 e e s e s s a2 e o @« » 1012

(For these computations B 1s assumed to be at the
V,/nD for maximum propeller efficiency.)
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These are taken to be the eritical conditione for pro-
peller 1ce protection because the propeller-blade elements
are_noar the maximum practical angle of attack. It 1s rea-
soned that the high angle-of-attack conditlon willl result
in the maximum heat requirement at the blade-shoe surface
because of tho decreased extent of the laminar boundary lay-
er on the forward face of the blade.

The area covered by the blade shoe 1s assumed to extend
chordwise to the 20-percent-chord point on both surfaces and
from the blade shank at the hudb r/R = 0.145 +to the station
at which the tip radius begins r/R = 0.943, where R = 69
inches., The 20-percent chordwlse coverage was satisfactory
in the tests reported in reference 2, as was the radlal
blado-shoe longth which extended to r/R = 0.942. Actually
the radlal extont of the bPlade shoe would be determined by

the amount of aerodynamic heating experienced by outer ele-
ments of the blade,.

The computatione follow the same sequence of steps as
presented 1In the section Method.

Determination of the Surface Eeat-Transfer Coefficlents

The chordwise heat-~transfer coefflclents were determinod
at five blade stations (measured in inches from the center of
rotation): 21.5, 25.5, 31.5, 42, and 63.5, which correspond
to thickness ratlos of 0.18, 0.15, 0.12, 0.09, and 0.06.

The four outer-blade stations for the 6477A~0 blade were
RAFT-6 airfoll sectlions, whlle the inner sectlon was similar
to a modified Clark Y airfoll section.

Propeller~blade sectlon veloclty digtribution.- The
goometric angle of attack o was obtalned by calculation of
the hellx angle ¢ and Vo/nD from the flight conditions,
The values of 6y and @y were odbtained from figure 10,

reference 12, The blade angle © was obtalned from the
blade data sheet 157 of reference 12. The geometric blade

angle B at O0.75R 1e glven by the approximate relation
Bo.7s .= o, 78 + 8y - ¥y (35)

By knowing the value of PBg.,s, bthe relatlon of B to
r/R was obtalned by
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B =0+ (P o5 - 85,78’ (36)

and « by equation (1). The values of «, B, &, and 6
are plotted in figure 5.

The corrections for aspect ratlo were made by equatlons
(2) and (3). The angle of gero 1ift and slope of the sec-
tion 1l1ft curves were obtalned from reference 13, and the
seotlon 1ift coefficlient for each station was computed usling
equation (4).

The voelocity distribution for the 1l8-percent-thick seec-~
tion was obtained by the use of the method presented in ref-
erence 5, An NACA 0015 airfoil was ueed as the reference
profile because tho leading-edge radlus was simllar to that
of the modified sectlion. The velocity distribution ovar the
NACA 0015 airfoll ies well defined by sxperimont., The values
of V. /% worc obtained as indicated 1n referonce 5 by

vr
— = (1 - P)
gy r

3

(37)

where P, 1s the Pf of reference 14. The veloclty distri-
butions were obtalned by adding to thils velocity V,./Vp, the
change in veloclty AV/VR due to the difference 1n shape
between the referoence profile and the 18-percent-thlck sec-~

tion
£ o+ = (38)

then

Y Vg Ve¢/Vg B (39)
39
Vg Vg Vf/vnd

where P 1g the pressure corresponding to the normal force
at a chord point given by the equation
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P.= Py + (c3 = cyy) (;a— (20)
i

ag defined in reference 5. The veloclty dletrldbution over
the l2~percent-thick RAF-6 blade section was obtalned by the
method of reference 4 and was modifled for the various val-
ues of thlckness and camber to give tho veloelty distribu-
tions for the remainder of the RAF-6 blade sectlions. Veloc-
ity diftrubutions for the five hlade statlons are plotted in
figures 6 to 10,

Boundary-layer heat transfer.- The chordwisee position
of the lamlinar-separation point was determined by approximat-
ing the actual veloecity distribution by a double-roof profile
and finding V /VN from figure 3. The approximate double-
roof veloclty profiles are shown as dashed lines for the

upper and lower surfaces on the velocity-distribution curves
in flgures 6 to 10. The double-roof profiles are drawn so
as to give approximately the same 1i1ft (area beneath the
curve) up to tho laminar-separation point as the volocity-
distributlion curves. Counsiderable Judgment must be used 1n
the drawing of the profiles in order to obtain reasonable
results, Theory indicates that, for the velocity distridbu-
tlon shown in figure 10, laminar separation will not occur
on the lower surface of the propeller-blade element. Exper-
lence, however, indicates that laminar separation ie likely
to occur and, slnce the assumption that separation does vobur
ls conservative, the laminar-separation point shown for the
lower surface in figure 10 has been used in this analysils.

The values of boundary-layer thlckness and heat-trans-
fer coefficlents were computed by equations (6) to (14) and
are plotted in figures 6 to 10 with the corresponding veloc-
1ty distributions. Because of the changes in 1lift coeffi-
clent of the blade sections as the blade angle 1s changed,
the location at which the heat transfer (due to forced con-
vectlon) approaches gero will move fore and aft from the
deslgn posltlion, In order to protect the reglon of the
blade at which low values of h occur at other than design
e}, the curves of h as related to x/c were falred as

shown in flgure 11 and the faired values were used in suc-
ceadlng computations.
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Heat Required for Ice Prevention

Heat roqulred to maintein the blade-sghoe surface at
32° F.- Equations (18) and (19) were used to determine the

unit power input to the hlade shoes. The water content of
the alr stream was taken to be 1.84 grams per cublc meter,
tho maximum water content moasured in clouds by Kohler, as
described in reference 15.

When the various factors in equations (18) and (19) are
fixed by the design conditione, the equatlions become

-4 a8
(qb{)stag = hiag [32 - 0.833 x 107" V5]

+ 13.1-V5 -~ 8.18 x 107° Vy (41)

and

[y 2
Qpg = h[32 - 0.667 x 10  Vp"]

-8 3
+ Ry [13.1 Vg - 8.18 x 10 Vg ] (42)

The heat per unit area reqnired to provide ice protec-
tlon on the surface of the blade shoe qpg can then be eval-
uated by substituting in equations (41) and (42) the proper
values of h (frem fig., 11), Ry, and Vp for the respective
point on the blade-shoe surface under consideration, The
total heat required at the blade-shoe surface %to provide 1ice
protection is obtained by integrating equation (20) over tho
blade-~shoe area, from r/R = 0,145 to r/R = 0,942 and from
s at x/e = 0 to x/ec = 0,2, TFor the three propeller blades,

0.942 x/c =o0.2

e = 3E (apg)ly ds

+‘/P (qp )y a8 | a (§> (43)
o
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The heat required at the blade-shoe surface to provide
ice protection was obtalned by performing the integration of
equation (43) by graphical means., The power required to pre-
veiat ice formations on a Hamilton Standard propeller with
three Yo, 6477A-0 blades expressed in electrical units is
3967 watts at the design conditionsg with the losses through
the after portion of the blades neglected., Thoe results of

tho computations of the unit power distridution are given in
figure 12, .

Heat logs.~- The heat loss from the aft portion of the
blade 1s assumed to occur over the rear 80+percent chord,
and from the blade root r/R = 0,145 +to the tip region r/R =
0.942, With thess limits, equation (28) becomes

Oe3

o.84a] 1.0
Qag = 3R (gpq)y dx
0e148 |o.2
1,0
+b/n (qpq)g dx | & (g) (24)

The thickness of the outer layer of the blade shoe for this
analysis is 0,020 inch or 0.00167 foot, while the inner
layer %1 1is 0.040 inch or 0.0033 foot thick, At any blade
station, the valunes of S, /S, and §_ /S, are taken %o be

0,4 and l.6, respectively (fig. 1); also, from the wedge

blade element _
8,,/8, = (ﬁ) [1 ~ 1.26 (E)] (45)

where b 1s measured from the base of the wedge and (t/c%ax

1s the maximum thickness of the blade ssction, Thereforse,
equation (27) becomes

0.0133 + 4At
(ma—mo_h):q“[ I

kg
1.6b 1
* ky(t/e) (1 - 1.25 v/e] * h] (46)
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and when

k7 = 0,08 Btu/hr, £12, °F/ft
and o
kp = 117 Btu/hr, f£t°, F/ft

then, lnserting the foregoing values of thermal conductivity
and rearranging the tsrms, squation (46) becomes

T, - T, - T
- 3 o A .(47)

0.01371b + 1
[0.167 + 50At; + (t/e)pag[l - .25 (v/ec)] =

q-aa

By succesaive approximations, values of Aty, Qug, and
Qbs which are in reasonable egreement can be found and the

heat loss through the after portion of the propeller can be
evaluated by integrating equation (44). A graphical inte-
gration of this equation indicates a total heat loss for the
entire propeller of 1109 watts.

The total power required to prevent ice formations on a
propeller with three 6477A-0 blndes with the distrlibution
shown in figure 12 18 3957 + 1109 = 5066 watts,

The calculated power, 5066 watts, 1s greater than the
power used during the flight tests in natural icing condil-
tions reported in reference 2 and is groater than tho avall-
able power from generators which are now under development
for propseller lce prevention, Although the process of ice
Preventlon ls probably the ultimate objJjective in the develop-
ment of protection for propellers, the process of lce removal
as indicated by the results of roference 2 appoars to be a
practlical solutlion more suitable for immediato application,

Heat Required for Ice Removal
The heat required for ice removal will depend on the
maxlmum slze of ice particle that 1s allowed to form on the

propeller blade. ZHEquation (32), when T, = 0° F and the

factor [llkc;tczji 1s evaluated for the particular blade-
shoe design, becomes




NACA ACR No, 4H31 28

&
i _ o, L0 -yf) mrooum d (48)
Ty (1 +y

and since the heat required to remove an ice particle will
be a function of the temperature gradlent at 1its edge, the
values of T,/T,  for the subject propeller and blade shoe

w:re computed and plotted in figure 13 for various values of
v and hZ®1,

In order to clarify the effect of the surface tempera-
ture, an ice particle 0.3 inch in dliameter and of varlagble
thickness was assumed to be attached to various points on
the blade shoe. The change in air flow over the blade due
teo the lco particle is assumed to have a negligible effect
on tho hoat transfer. Tho hoat required was basod on T,

for the various values of V°.

The curves of figure 14 were computed to show the heat
required to remove the assumed ice particle as a function of
thickness and heat—~transfer coefficient. In order to obtaln
the correct value for the unit power at an ambient-alr tem-
perature of 0° ¥, at any point on the blade, the unit power
from figure 14 must be corrected by a function of the aero-
dynamic heatlng as shown by the equation

3
= - 9
(qba)correct (qbs)fig. 14 TAW h (49)

With any ice particle of smaller dlameter than that as-
sumed, more heat or a greater thickness of ice would be re-
quired for its removal., Observations during lcing flights
huge shown that 1n iéing conditions at low temperatures
(0 to 10° ), 4ice forms in a very narrow ridge, sometimes
as narrow as 1/4 inch, along the blade leading edge. This
conditlion has been substantiated by other observers (refsr-
ence 1), The ice which forms at these low temperatures is
particularly hard and tenaclous, In view of the occurrence
of such icing conditions, the use of less heat than that re-~
quired to maintain the blade-shoe surface at 32° F (V¥ = 1)
in dry alr, seems to be inadvisable.

The distribution of the unit power to obtain 1ce pro-
tectlon by removal at all points on the blade-shoe surface
simultaneously, based on figure 14 at V¥ = 1, 1is plotted in
figure 156, TFTlgure 16 shows the required unit heat dlstri-
bution on the doveloped blade-shoe surfaco,
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Graphical integration of the unit heat required over the
blade—-shoe aree gives a value of 1760 watts required to effect
ice roemoval st Y = 1, The heat loss through the after por-
tlion of the blade was computed through the use of equations
(22), (23), (43), and (44) and was found to be 640 watts. The
total power required for ice protection by the romoval process
at ¥ =1 1ig therefore 2390 watts.

DISCUSSION

Beneflts Obtaiqed from the Optimum Heat Distrlibution

In view of the relative simplicity of construction of a
propeller~blade shoe with a stepped type of heat dletridution,
such as was used in the tests renorted in reference 2, when
compared with a blade shoe having an optimum heat distrlbu-
tion as shown in figure 16, it is important that the blade-
shoe designer realize the benefits which may be expected by
utilizing a blade shoe having an optimum heat distridution,
To indicate the advantages of an opiimum heat distributlon,
the method of anal ysis Geveloped in this report has been
employod to compare the amount of power required dy the two
types of distribution to provide the sameo degrco of leco pro-
tootion and to determine tho thicknoss of ico which would Dbe
built .up upon a blade shoe with a stepped heat dlstridbution
utilizing & power input equal to that required for complete
ice removal on a blade shoe with an optimum heat distridbu-
tion, In this comparison the optimum heat distributlon
shown in figure 16 has besn compared with a stepped heat
distribution in which the distribution over the leadling-—edge
third of the blade shoe is double that over the remainlng
area, The chordwise hoat distridbution for the blade shoe
with tho stoppod distridution has booen considorod constant
over the radial extent of the blade shoe and has been based
upon the point of maximum heat requirement for the blade~-
shoe surface, The chordwise distribution for each type of
heat distribution is shown in figure 17 at the critlecal pro-
peller station,

The calculated total heat required for the distridbution

shown in figure 16 at T = 0°F and ¥V =1 418 2390 watts,
)

while the calcoculated power required for the stepped dlstridbu-
tion, based on the point of maximum heat requlirement on the
blado~shoe. surface (station 42 stagnation region) at the
same conditions, 1s approximately 4800 watts., To enable a
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comparlgon with the experimental results, the heat required
by the optlimum distribution and the stepped distridbution were
computed for the test condltions. These condlitlions were com-
parable to those listed under the sectlon of thls report des-
ignated Application, except for the amblent-—-air temperature
which was 10° F instead of 0° F., The computations indicate
that 1640 watts are required by the optimum distribution and
approximately 3300 watts by the stepped distribution (both

at ¥ = 1), The use of an optimum heat distribution rather
than the stepped distribution should, therefore, reduce the
total heat required by approximately one~half for the same,
degreo of protectlion agalnst 1coe formatlon., Lacking more sex-
tensivo experimental confirmation, tho absolute magnitude of
the foregolng power requirements are subject to some doubt;
however, thelr relatlve magnltude should be rellabdle.

If tho stepped heat distribution 1s used, dut with a
power input of 2390 watts at the flight conditions listed,
ice will accumulate until its thickness supplies sufficioent
insulatlon for the removal procoss to take placoc., Applica-
tion of the foregoing method to compute this thickness indi-
cates that an ice cap 3.42 inches hizh by 0.3 inch wide
(width assumed, based on observationsz) would form before
belng removed by melting at the base, Obviously, such an
ice structure would be unstable and break, leaving the loead-
ing edge with a rough, broken ice cap and, thus, the blade
shoe would fall in its function of 1ce removal.

Comparigon with Experiment

The foregoing deductions must be qualified and consid-
eration must be glven to0 the lack of experimental verifica-
tion of the proposed method. Such experimental verifica-
tlon 1s partlicularly noeded bocauso of tho assumptions which
were necessary in the development of the computation proce-
dure. The results of reference 2 are the only experimental
data that can be compared with the analytical rosults,

These tests indicated that satisfactory ice-removal charac-
torlstlies would be obtainod with 2100 watts applied to the
.8tepped distribdbutlion of the blade shoes testod (w not known),
while the computations indicate that approximately 3300 watts
will bYe requlired with the same distribution at similar con-
ditions (V¥ = 1), 1In view of this lack of agreement, a orit-
lcal view of the assumptions upon which the method is based
1s in order,
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Review of Assumptlions

As the method was applled, two assumptlons appear to be
conservative, In the first place, body lnterference was neg-—
lected, wvhich eliminates from consideration the bloecking of
the air and the resultant roduced velocity over tho region of
the propoller c¢lose to tho shank. Data are avallable which
indicate that, on an air-cooled nacelle~propeller combination
0f the same general dimenslons as that on the B-17F alrplane,
the axlal veloclty is approximately freo stream from the %ip
to the 0,6 r/R station and then decreases linearly t0 ap-
proximately one-half free-stream velocity at the 0,2 r/R
station, A reduction 1ln the computed heat requirements for
the lnner-~blade sections would obviously occur i1f allowance
wvere made for the reduced wvelocity.

A pecondary result of the reduced axial velocity will
be an increased effectlive blade angle over the inner stations.
The magnitude or direction of the deviation requlting from
this difference 1s dlfficult to predict, but these blade sec-—
tions wlll carry a higher 1lift coefficliont than that assumed.
By referoncse to figures 6, 7, and 8; it can be reasoned that
thls wlll cause an increased peak velocity on the upper sur-
face, thus decrecasing the extent of laminar flow, dut will
have a compensatlng effect on the lowor surfacoe wheore the
peak will tend to be lowered, Which of these changes will
predominate could only be determined by a detailed calcula-
tion,

A second conservative assumption is the neglect of cen=-
trifugal~force effects, Thls was justified originally on
the basis of the possibility of a reasonadly uniform glaze-
ice layer formed from the maximum possible water content of
the alr s%tream at an amblent-~alr temperaturo of 0° ¥, Under
these conditions, the adhesion of ice to the blade~shoe mate-
rial is greater than the strength of the ice itself. That
this assumption may be unduly rigorous can be deduced from
the result of reference 2, which indicated tho possibllity
that no heat at all might be necossary to de-lce the outer
portion of the blade, Whether this ia due to aerodynamic
heating or centrifugal-force effects is difficult to deter-
mine., However, the basis for the computations of the aero-
dynamic heating 1s reasonably sound, while tho possidllity
dofinitely oxists that an ice formation more porous than the
glaze ice assumed would adhere less strongly and, therefore,
be thrown off by centrifugal force; also, the porosity of
this 1co layer should have a marked effect on 1ts thermal
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resistance, No answer t0 these possibilities can be proposed
without further study.

Several unconservative assumptions were made 1n the anal-
yals which would %tend to cancel the error caused by the ne-
glect of body interference and centrifugal force, The more
important of these 1s the assumption that transition will
occur by the process of peparation in the adverse praessure
gradlont, Actually 1f any .ice forms around the leadlung edge,
1t 1 likely to0o cause local peak pressures or, through rough-
nespg, promote earlier treansitions. Thus, instead of the
fairly extensive laminar flow over the upper surface, turbu-~
lont flow might be prosent. Since the accuracy of the method
is largely depondent on the computed location of boundary-
layer transition, this would have an important influence
tending t0o maké the method unconservative. For ice accumula=-
tions occurring with ico removal at V¥ of less than 1, the
actual formatlon of ice leyers and ice flecks will vary
wldely over the blade and will tend to increase turbulence
further and to effeot the rato of heat transfer,

The effects of humidity, evaporatlon, and degree of
supercooling of the water drops have also been neglected;
however, these effects are consldered to be sufficiently
small ags to be compensated by other conservative mssumntions,

Recommendations

The quantity of power required for 1ce prevention (5056
watts) appears to be prohlbitive at the present stage of de-
velopment., Because of the weight of the hub generator that
would be required, the advantage of the lighter welght of
the thernal=electric system in comparison with other methods
would be lost., The most expedient present solution appears
to be a design for ice removal at Y oqual to 1, If advan-
tage 1s taken of the reduction in heat requirements made pos-
elble by uese of an optimum heat distribution, and if the
thickness of the conduoting layer 1s kept to a minimum to
reduce the heat lost through the after surface of the blade,
& blade shoe which will provide satisfactory ice protection
wlth avallable hud generators should rosult. In order to ob-
tailn the roquired heat distribution with a satisfactorily
thin oconducting layer, a material of varying oelectrical re-
sistanco, but constant thicknoss, #ould be advantageous.

As a result of limited tests, 1t has been found that
present conducting materlals 4o not have satisfactory
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resistance to ‘abrasion and wear. It has been thought that a
thin layer of nonconduoting rubber over the entire blade-
shoe surface would provide the abrasion resistance necoessary
‘for satlisfactory service 1life., The effect of the addition
of a protective layer can be determined by including 1its
thickness in the thickness of the conducting layer,

Ames Aeronautlcal Laboratory,
Natlional Advisory Committee for Aeronautics,
Moffett Field, Calilf,
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APPENDIX

An expresslon for the temperature gradient in the edge
of an 1lce layer 1s to be developed for determining the sirze
and thickness of an 1ce particle that will adhere to a dlade~
shoe surface with difforont unit powor inputs. In the dori-
vatlon of thils expressilon symbols wlll be used which do not
appear 1ln the nomenclature of this report (01, Cz, £, u,
and v). It was felt that better continuity and clarity
could be had by defininz the symbols as they appear.

The dlagrams. of figure 4 illustrate. a .section through
the propeller blade normal to0o tho edge of an ice layer and
the temporature profiloe.
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From 1 =0 to 1 = o, <the extent of the 1lce layer,

Q + 4Qy, = 8Q + Qy - 4Q;

then simplifying and dividing by 4! glves

d.Q,; _ dqm1 i dq'ma
at ar’ ail

Faurthermore
aT,

U = Eater o7
and differentliating glves

aQy a®m,
a1 = ¥eitel ;7

¥hen the power input is considerod to supply Q,ma

a0, = dpg A

and from figure 4

1
1 1,5
h. ki

Substitution glves the equatioﬁ

. a’r, m, - m,
cl”cl al®

36

Dividing through by (kcltcl) %he equation takes the form

]  a®e,

ai®

¥here
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hki 1

ky + hty kg%,

_ Uy g

kgita1
If
then ,
a
-
§_§_= u®f - v
atl

The solution of this equation 1s of the form

1 -ul
f e 019u + Oge e J%
u

where €, and Cz; are ccnstents of ilategration and

Substitution gives

1

Ty = To = Cue®t + Cpet 4 (T, - T,)

and when 1| becomee largs (T, - T,) dpproaches a finite
value asymptoticully as iadiceted in figure 4., Therefore,

c, =0
and
P, = Coe ' + Ty
¥Yhen 1 approaches sero

_Tlo = 03 + TJ’O
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Similarly, the equation for the surface temperature from
1 =0 t0o ~o takes the form

2
2
ky1%e3 11° = h(T; ~ Tg) - qpg.

and
m C,e%t +
1 = Oye Ta_
where
3
u =[_h___.
kcitcl]
At 1 =0
Tag=0a + Ty =03+ Ty

and

Cy = Gg + Ty = Ty

Also, when the subscripts + and -~ are introduced to indi-
cate positive and negative values of 1,

—_— = -u.0 Uy
at +1 28
and
ary, L ut
ar - -
When 1! equals zero,
ar,, .
ar - T+
and
aT,
= u_0C,
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Equating the two foregolng equations and substituting the
value for C, result in the expression

~u 03 = u_(Cp + T, _ - Ty o)
and, rearraqging terms,

-Tl

[- ] fomr.”y

F ]

Substltution of the equation for Gz in the equatlion for
Ty, for 1 =0 %0 1 = o results in the expression

C; = -

[nd m
-L1 L .|.1
. o= D - @ —® -ul
1 1@ u+
LU T |

Because %44 ig uniform ovear the element o0f blade surface
being considered,

ho(Dy - 1) = —do (1

- TO)
ki + hti

s

or

k

- +
—~m k4 + hty (Tlm To) To

and, making the final substitutions in the expression for T,

k hik &
Ty - ——at— (T, - T,)+ T, _[ 4 L :l 1
k, + hty = ‘e kq+hty kgptgy

& e
L S
ki + hti

Introducing the 1ce-thickness parameter

a _ ky
Vo= [ki + hti]

T:_ = Tl@—
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the foregoing equation may be written in the form

a . 1 # %
Tlm- v (T;m- To) + Ty - (——k”th Vh®1

or

|G| -]
(-]

T v+l

and when T_ = O

39
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